We experimentally study the depolarized guided acoustic wave Brillouin scattering in a long-distance telecom single-mode fiber (SMF-28e). It is shown that such a scattering process can introduce excess noise and further degrade the performance of the fiber-based continuous variable quantum key distribution (CVQKD) system where a fiber is utilized as the quantum channel. Based on the experimental results we deduce a lower bound for the extinction ratio of the pulsed light in the time-multiplexing CVQKD protocol.
INTRODUCTION
Quantum key distribution enables the generation of a random secret key between two valid parties. This ideal was first introduced by Bennett and Brassard in 1984 [1] and is known as the BB84 protocol. Since then, various kinds of protocols have been proposed [2, 3] . Among them, continuous variable quantum key distribution (CVQKD) protocols based on quadratures of the quantized electromagnetic field and homodyne or heterodyne detection have seen significant progress during the last decade [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
For CVQKD, the distance for secure communication is determined mainly by the losses of the quantum channel, the excess noises, and the efficiency of data reconciliation. Optical fiber and free space are two main quantum channels used for light fields. Hereafter we focus on the quantum channel in which optical fiber is utilized. Current low-loss telecom single-mode fibers have a lowest loss of ∼0.2 dB per kilometer at 1550 nm, which almost reaches the Rayleigh scattering limit. Recently, a breakthrough has also been obtained in reconciliation efficiency with a value of ∼95% over a wide range of signalto-noise ratio [15] . The excess noises that are added by the quantum channel are crucial to the performance of the CVQKD. Even a very small amount of excess noise can deteriorate the secure communication significantly. In CVQKD, two light fields are involved: the signal field and the local oscillator (LO); they are polarization multiplexing and traveling along the same fiber to suppress greatly the relative phase fluctuations between them. The signal field is quite weak and contains up to several tens of photons per pulse usually. However, the LO is relatively intense, and each pulse can involve an average photon number of 10 8 . Two possible mechanisms will be responsible for the excess noise associated with the LO. The first issue is photon leakage from the LO into the signal path, which is an important contribution to the excess noise and has been resolved by introducing time multiplexing and polarization multiplexing [6] , or polarization and frequency multiplexing [7] . The other one is the nonlinear effect in optical fibers.
Guided acoustic wave Brillouin scattering (GAWBS) [16, 17] due to the thermally excited guided acoustic modes of an optical fiber can constitute a significant thermal-noise source to the generation of squeezed lights [18] [19] [20] [21] [22] . The vibrational modes mainly responsible for forward scattering are the radial modes R 0m , which produce pure phase modulation of light, and the mixed torsional-radial modes TR 2m , which change the polarization of light and cause depolarized scattering of light. As mentioned above, the LO and the signal field in CVQKD are polarization multiplexed; thus the depolarized GAWBS can scatter a portion of the LO photons into the signal path inevitably and constitute a thermal-noise source of excess noise. In previous works, the CVQKDs are all implemented in the regime in which relatively long (100 ns) light pulses are utilized; the corresponding frequency bandwidth (Fourier transform limit) is around 10 MHz, which is well below the first TR 2m mode (∼20 MHz for the telecom single-mode fiber). When one reaches a high-bandwidth secure communication over 1 GHz with a light pulse less than 1 ns, the depolarized GAWBS will be a non-negligible noise source, and one should consider its effect on the performance of secure communication. In this paper, we investigate the effect of depolarized GAWBS in a long-distance telecom single-mode fiber (SMF-28e) on the excess noise in CVQKD. A lower bound for the extinction ratio of the pulsed light in time-multiplexing and polarizationmultiplexing CVQKD protocols is deduced, which is necessary to suppress the excess noise coming from the GAWBS.
THEORETICAL ANALYSIS
single-mode fiber with orthogonal polarization. Consider the effect of depolarized GAWBS in fiber; the signal field at the fiber output can be described bŷ
whereâ s t andâ 0 s t are signal field at the fiber input and the output signal field from the fiber, respectively.â LG t denotes the depolarized GAWBS mode of the LO, and η is the photon scattering efficiency due to the depolarized GAWBS in the fiber. We assume that both the signal field and the LO are optical pulses with duration of T 0 ; the quadrature of the output signal field can be written aŝ
where the quadrature is defined asX s;θ t âte −iθ a † te iθ ,X LG;θ 0 t â LG;θ 0 te −iθ 0 â †
LG;θ 0 te iθ 0 , and θ and θ 0 are the relative phases between the signal and the LO, and the depolarized GAWBS mode and the LO, respectively. The added excess noise to the signal field due to the depolarized GAWBS can be given by
LG;θ 0 i hX
To derive the above results we have used the relation of hX s;θX LG;θ 0 i hX LG;θ 0X s;θ i 0:
The quadrature of the output signal field can be expressed in the frequency domain hjX 0 s;θ;θ 0 ωj 2 iSinc 2 ωT 0 ∕2dω.
Because of the dispersion of the long-distance fiber (on the order of several kilometers or longer), we assume that the phase θ 0 will be random in the range of 0; 2π. Under this condition, by using the relationX
whereâω R ∞ −∞â te −iωt dt, one has [23] hjX 0 s;θ;θ 0 ωj
LG ω â LG −ω †â
where ηn LG ω and ηn LG −ω are the average photon numbers of the scattering field at frequencies ω and −ω. We assume 1∕T 0 ≥ 10 9 Hz, i.e., 1∕T 0 is larger than the bandwidth of the depolarized GAWBS. In this case, substituting Eq. (9) into Eq. (7), one has hX 02 s;θ;θ 0 i hX
where hX
, andn L is the average photon number per pulsed LO. From Eq. (3), considering the fact that η ≪ 1, the added excess noise can be given by
LG;θ i hX 02
Equation (11) shows that the added excess noise is equal to the average scattering photon number of the LO. In the above analysis, the single-mode fiber is assumed to be lossless. When considering the influence of the fiber loss, the scattering photon number at the fiber output can be given bȳ
where η 1 is the scattering efficiency due to the depolarized GAWBS per kilometer of fiber, and l and α are the length and loss coefficient of the fiber. From Eq. (12) it is evident thatn LG is not a simple linear function of l due to the loss of the fiber. Intuitively, longer fiber can scatter more photons; however, the losses also increase accordingly, which results in the attenuation of both the LO and the scattering light. Figure 1(a) shows the modified scattering efficiencȳ n LG ∕n L η 1 le −αl in units of η 1 as a function of fiber length. It is evident that the scattering efficiency increases with the length of the fiber at first and then reaches a maximum value of 8.17η 1 at l 22 km. Further increase of the fiber length will result in a lower scattering photon number at the fiber output due to the above-mentioned reasons.
In CVQKD, the excess noise of the quantum channel is referred to the channel input [6] ; in such a case, Eq. (12) should be modified ton
wheren 0
LG is the virtual scattering photon number, which is proportional to the fiber length [ Fig. 1(b) ]. Figure 2 shows the experimental setup for measuring the depolarized GAWBS noise spectrum of SMF-28e. All optical components are fiber pigtailed. A 1550 nm single frequency linearly polarized continuous wave fiber laser is utilized. The polarization state of input light is adjusted such that the output laser from the SMF-28e single-mode fiber is also linear polarization. At the output port of the single-mode fiber, a polarizing beamsplitter (PBS) is used to separate the depolarized scattering light from the main transmitted light. The transmitted light (acting as a LO) combines again with the scattering light at a 50∕50 beamsplitter (with the same polarization) for shot-noise-limited balanced homodyne detection. The relative phase between the LO and the scattering light can be varied by the phase modulator (PM). The subtracted photocurrent is amplified and input into an electronic spectrum analyzer. Figure 3 shows a typical depolarized GAWBS spectrum for a 5 km long single-mode fiber SMF-28e (the core diameter is 125 μm, and the coating diameter is 245 μm). The input continuous wave power of the 1550 nm laser is 3 mW. When the relative phase between the LO and the scattering light is varied more than 2π, the measured noise spectrum remains almost unchanged and no evident variations can be seen, which is consistent with the results of Eq. (9) (here the input signal fieldâ s t is in a vacuum field). More than 30 depolarized GAWBS modes can be clearly seen with a typical linewidth of several megahertz for each scattering mode and overall bandwidth of around 600 MHz. To facilitate the comparison between the experiment and theory, the spectrum in Fig. 3 has been normalized to the shot-noise limit (SNL). Figure 4 provides the GAWBS mode frequencies and the corresponding scattering efficiency. The circles are experimental results. Following from Eq. (9), each mode curve in Fig. 3 is integrated, and the obtained area, which is equal to the scattering photon number, is then divided by the LO photon number to give the scattering efficiency. The theoretical scattering efficiency [16] can be calculated by considering the radial and azimuthal strain at the fiber core and the strainoptic coefficients of fused silica (squares in Fig. 4 ). Good agreement was found for the measured and the calculated scattering mode frequencies. The measured scattering efficiencies agree roughly with the theoretical fittings. The first reason is that the silica optical fiber is surrounded by a polymer jacket (acrylate for SMF-28e), so coupling of acoustic radiation from the silica into the coated polymer will result in a mode-selective attenuation of the guided acoustic waves [24] . 3 . Measured depolarized GAWBS spectrum with 3 mW 1550 nm input power in a 5 km SMF-28e single-mode fiber. The noise power is normalized to the shot-noise limit (SNL). Settings of the spectrum analyzer: resolution bandwidth is 300 kHz, and video bandwidth is 100 Hz. Another possible reason for such discrepancy is that the 5 km fiber is wound on a spool; interaction of the vibrational modes may exist among different parts of the fiber through the fiber surfaces, and this will further increase or decrease the scattering efficiencies for different vibrational modes. Figure 5 shows the total scattering photon number over the frequency range from 2 MHz to 1 GHz as a function of input optical powers. Two fibers with different lengths (5 and 10 km) are investigated. Given the fiber length, the scattering photon number is proportional to the input optical power, which is consistent with Eq. (12) . The slope ratio of the solid lines in Fig. 5 reflects the corresponding scattering efficiency for 5 and 10 km fibers, respectively. From Eq. (12), their scaling factor can be calculated as 10e −10α ∕5e −5α ≈ 1.6, which is in rough agreement with the measured value of 1.79; here the attenuation coefficient of the fiber used is α 1-10 −0.02 , which is according to the nominal value of 0.2 dB/km.
EXPERIMENTAL SETUP AND RESULTS

DISCUSSION
From Eq. (12) and using the experimental results of Fig. 5 , we can determine the scattering efficiency per kilometer of fiber to be η 1 2.55 × 10 −7 . By substituting η 1 into Eq. (13), one can obtain the virtual scattering photon numbersn 0
LG , which is also equal to the added excess noise in CVQKD, as we have shown in Eq. (11) . We assume that the CVQKD employs a time-multiplexing and polarization-multiplexing protocol in which a pulsed light with pulsewidth of 1 ns is utilized. Further taking l 100 km,n L 10 8 , one hasn 0
LG 2.55 × 10 3 ∕h G E , where h G E is the extinction ratio of the optical pulse. In general, to achieve a secure long-distance coherent state CVQKD, the excess noise should be controlled to be less than 1% of SNL [12] ; this requirement will result in an extinction ratio of h G E > 2.6 × 10 5 . One should note that polarization multiplexing is not useful here to suppress this type of excess noise due to the depolarized scattering process.
It is useful to compare the extinction ratio requirement due to the depolarized GAWBS with that coming from LO leakage into the signal path. It has been shown [7] that the added excess noise due to the latter process can be given by N leak 2hn e le i, where hn e le i is the average photon number of the leakage, which is in the same spatiotemporal mode as the LO. It should be noted that this result is deduced based on the assumption that large unbalanced paths are employed to introduce a time delay between the LO and the signal field, and thus the relative phase ϕ le between the LO and the leakage mode varies randomly in the range of 0-2π. For the highbandwidth CVQKD considered here in which a narrow optical pulse (order of 1 ns) and a high pulse repetition rate (GHz) are employed, the LO and the signal paths are nearly balanced with a difference of only τc∕n ≈ 10 −9 × 3 × 10 8 ∕1.5 ≈ 0.2 m. In this situation, the relative phase ϕ le will drift with time slowly and the typical phase drifts are on the order of 10 −3 per 0.1 s [7] . Hence the LO leakage will constitute mainly a constant background over the measured signal and can be subtracted. The residual fluctuations of the relative phase ϕ le will introduce excess noise as N leak 4n e le hΔϕ le 2 i, wherē . This result denotes that the extinction ratio requirement due to the depolarized GAWBS is more critical than that coming from LO leakage into the signal path for a high-bandwidth (GHz) and long-distance (100 km) QKD.
CONCLUSIONS
In conclusion, we have investigated the effect of depolarized GAWBS in single-mode fibers on the excess noise in fiberbased CVQKD and show that the added excess noise is determined by the average scattering photon number of the LO. Based on the depolarized GAWBS spectrum measurement and analysis at various pump powers and fiber lengths, the scattering efficiency of SMF-28e is obtained. Then we calculate the lower bound for the extinction ratio of the pulsed light in the time-multiplexing CVQKD protocol, where 1% SNL unit excess noise is reached. The presented results will be useful to the design of a high-speed (GHz) CVQKD system in which the depolarized GAWBS noise will be nontrivial and relevant to the excess noise. 
